A modified activated sludge process (ASP) for enhanced biological phosphorus removal (EBPR) needs to sustain stable performance for wastewater treatment to avoid eutrophication in the aquatic environment. Unfortunately, the overall efficiency of the EBPR in ASPs and membrane bioreactors (MBRs) is frequently hindered by different operational/system constraints. Moreover, although phosphorus removal data from several wastewater treatment systems are available, a comprehensive mathematical model of the process is still lacking. This paper presents a critical review that highlights the core issues of the biological phosphorus removal in ASPs and MBRs while discussing the inhibitory process requirements for other nutrients' removal. This mini review also successfully provided an assessment of the available models for predicting phosphorus removal in both ASP and MBR systems. The advantages and limitations of the existing models were discussed together with the inclusion of few guidelines for their improvement.
Introduction
Controlling phosphorous (P) discharge has become a global issue in preserving surface water quality since it has been identified as the key element responsible for eutrophication in the aquatic environment. The modification of activated sludge systems for phosphorus removal (P-removal) was notably introduced through the enhanced biological phosphorus removal (EBPR) system in the late 1950s .
Since then, several modifications to the EBPR systems have been proposed in the literature (Peng and Ge, 2011; Yuan and Oleszkiewicz, 2011). In the EBPR treatment system, the phosphate accumulating organisms (PAOs) of the bacterial community are enriched to accumulate large quantities of polyphosphate (poly-P) in their cells and thus enhance the biological phosphorus removal (bio-P-removal) from wastewater. The
PAOs have a strict requirement of cyclic anaerobic, anoxic and aerobic conditions which consequently makes the bio-P-removal process from wastewater a more complex one compared to the nitrogen (N) and chemical oxygen demand (COD) removal. suitable for the mathematical description of the bio-P-removal processes and their application to full-scale wastewater treatment plant (WWTP). However, the application of these models has yet to yield satisfactory results to describe completely the observed behavior of bio-P-removal processes. reviewed different biokinetic, hydrodynamic and integrated mathematical models for the MBR systems, and mentioned some adjustments of the biokinetic and stoichiometric conversion parameters were required for their applications to the MBRs, especially regarding the specificities of the MBR for the EBPR process and its mathematical modeling.
This review, therefore, is aimed at presenting a mini-review of the state-of-theart in bio-P-removal by conventional ASP and MBR treatment systems. Among other factors affecting the bio-P-removal, the nitrification and denitrification processes that may inhibit the P-removal efficiency of a treatment system under various operating conditions has been discussed as one of the major concerns and the challenges to overcome for simultaneous N and P-removal are outlined in the paper. The advantages and limitations of the existing mathematical models are discussed and guidelines for the potential application of these models are given for improved mathematical modeling of the bio-P-removal processes of the activated sludge treatment systems.
Fundamentals of biological phosphorus removal
Phosphorus can be removed from the wastewater either by precipitation and/or adsorption, or by uptake (Radjenovic et al., 2008) . Only a small amount of phosphorus is naturally removed by cell synthesis (1-2% of the total suspended solids (TSS) mass in the mixed liquor) (Lesjean et al., 2003) . P-removal from wastewater, therefore, greatly 6 needs enhancement of its biological treatment processes or the adaption of a chemical treatment process. Besides, the removal of phosphates by precipitation and adsorption requires an appropriate pH, the presence of iron or calcium ions, etc. which is very difficult to be maintained precisely in a biological WWTP.
EBPR treatment mechanism
In biological WWTPs, the state-of-the-art development of P-removal is the EBPR where the PAOs can remove phosphorus beyond its anabolic requirements by accumulating intracellular poly-P reserves. Generally, PAOs act differently comparing with other microorganisms. In anaerobic conditions, they mainly take up carbon sources such as volatile fatty acids (VFAs) and store them intracellularly as PHAs. The cleavage of poly-P and release of phosphate from the cell supply the required energy for the bio-transformations.
Moreover, the glycolysis of internally stored glycogen also can provide reducing power for PHA formation (Mino et al., 1998). However, the metabolic pathways of both the PAOs and GAOs are still unclear to some extent, so is the indirect role that GAOs play in P-removal. 
Factors affecting the EBPR and constraints

Recent studies on inducing mechanism for bio-P-removal
It was reported that the bio-P-removal could be achieved in an ASP system using both glucose and acetate as the sole carbon source if the idle period is suitably extended (Wang et al., 2008) . Recently, Wang et al. (2012) proposed an inducing mechanism for poly-P accumulation by introducing the concept of the aerobic/extended-idle (AEI) process. In the AEI process, an idle P-release accompanied by a low idle PHA production was observed to induce some cells to effectively uptake phosphorus in excess of the metabolic requirement. With the increase of idle P-release, P-removal efficiency linearly increased. The results also showed that a long idle period 9 with a low level of intracellular glycogen could significantly increase P-release contents, thus remarkably enhancing P-removal performances.
Podedworna and Sudol (2012) evaluated two different operating strategies through the application of such operating conditions in a sequencing batch reactor (SBR) that would enable the achievement of the highest possible share of denitrifying P-removal in nutrient removal. The common feature of both of these strategies was a forced anoxic phase in the SBR treatment cycle. The first one was based on an intermittent aeration, which led to periodic occurrence of anoxic conditions when the uptake of phosphate could occur. The second strategy was based on mimicking the (anaerobic/anoxic/oxic-A 2 O) process and forcing an anoxic phase straight after an anaerobic phase. The reactor with the first operating condition did not allow the achievement of significant denitrifying P-removal although DPAO/PAO ratio was equal to 50.5%. It was reported in the study that almost the entire load of orthophosphates was removed in aerobic conditions right after the anaerobic phase, even though that aerobic period lasted only 20 minutes. On the contrary, the highest share of denitrifying Premoval (above 80%) in the total removal of phosphorus was guaranteed in the second strategy for a SBR with a forced anoxic phase occurring after an anaerobic phase where the highest DPAO/PAO ratio was 82.8%.
Specific aspects of phosphorus removal by MBR treatment processes
The EBPR in MBR treatment system is not easily achievable especially with weak sewage and with longer SRT which are common operating conditions in MBR negatively influence the performance of a particular system for the bio-P-removal. However, simulation results for the calibration period indicated that the excessive chemical addition might negatively impact the bio-P-removal. 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 In order to reduce the impact of the products of nitrification on the P-removal processes, a very unconventional combination of post-denitrification and enhanced bio- 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 12 P-removal ( 
Effects of chemical addition
Effects of the change of treatment sequence
Mathematical models for the EBPR processes in ASP and MBR
The EBPR process has been typically described by two basic types of mathematical models, namely the metabolic models and the activated sludge models (ASM). Both of these two models are composed of sets of stoichiometric and kinetic 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 comprises the denitrification capability of PAOs. All the ASM models can describe the bulk biochemical transformations of soluble and particulate compounds in the sludge through a set of stoichiometric and kinetic expressions. Nevertheless, determining the yield coefficients experimentally rather than theoretically distinguish the ASM models from the metabolic models. In all ASM models, PAOs take up acetate as the sole carbon source, while PHA (more specifically, PHB) is the sole carbon storage polymer cycled 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 
ASM2 /ASM2d model for modeling phosphorus removal in ASPs
The mathematical modeling to describe EBPR system has been started with the ASM2, which is the extension of ASM1 incorporating EBPR process variables and chemical P-removal via precipitation. The model incorporates PAOs to the biomass consisting of heterotrophs and autotrophs. In the ASM2 model, the PAOs are capable of accumulating P under aerobic conditions and storing them in the form of cell internal poly-P and PHA. However, it is assumed in the model that the PAOs are incapable of any denitrifying activity and can only grow on stored PHA of the cell using energy derived from the hydrolysis of poly-P, which leads to the release of soluble phosphates According to the mechanism described in the model, PAOs store X PHA under anaerobic condition with the consumption of cell internal glycogen (X GLY ) and X pp releasing a large amount of phosphate into the bulk liquid. X PHA is oxidized in the subsequent aerobic (or anoxic) condition and the energy generated in this phase is mostly used to restore X GLY and X pp . PAO's take up phosphate from the bulk liquid to restore X pp and the remaining energy is used for growth and maintenance. The TUDP model uses the Furthermore, it was mentioned that the temperature changes should be modeled as PAO concentration was strongly influenced by preceding (seasonal) temperature changes.
ASM3-bioP model
The ASM3-bioP model (Rieger et al., 2001) integrated the bio-P-removal to ASM3 (Gujer et al., 1999) including both the EBPR by the PAOs and the P-uptake during the growth of organisms. The model has four specific state variables (S PO4 , X PAO , X PHA , X PP ) identical to ASM2d as well as 13 components of ASM3. The main limitation of the ASM3-bioP model is that no reliable characterization methods are suggested for some important parameters such as poly-P and glycogen. The model cannot be validated for a low resolution of COD, N and P and it also has limitation to accurately describe Premoval in all growth phases. The model does neither consider the decreasing phenomena of storing and response of PHA under anoxic condition nor does it include the anaerobic decay and chemical precipitation. In addition, fermentation is not considered in ASM3-bio-P model and hydrolysis is considered as a rate-limiting step. 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 18 Thus, this can be a major limitation of the model especially in cases where hydrolysis is no longer the rate limiting step (Hauduc et 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 19 It is evident from the above discussion that there are significant differences among the assumptions and kinetics involved in the three basic mathematical models that are typically applied to describe the EBPR processes. Although the models were subsequently developed to overcome the limitations of the previous models, neither of the models could be fully validated at modeling the observed behavior of lab-scale/fullscale wastewater treatment processes. Fig. 3 shows a schematic of the process kinetics involved for bio-P-removal in three basic mathematical models discussed above. 8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 20 and the linkage of the organic N and P fractions/transformation to the corresponding COD fractions/transformation (Henze et al., 1995). It was assumed in the model that the PAOs (X PAO ) grow only on stored PHA (X PHA ) and as a result, the two PAO aerobic growth processes from UCTPHO (with ammonia and nitrate as N source) were included unmodified. Sequestration of S A (fermentation product such as VFAs) and associated Prelease were also taken unmodified from UCTPHO. Additionally, two processes were included for the aerobic PAO growth on PHA (X PHA ) under P-limiting (S PO4 ) conditions: (1) The aerobic PAO growth processes are duplicated for anoxic conditions to accommodate PAO anoxic growth, but with the process rates multiplied by the reduction factor (η PAO ); and (2) nitrate was used as terminal electron acceptor instead of oxygen which could explain more accurately the denitrification and anoxic P uptake by PAOs (Hu et al., 2007a) . In this case, poly-P (X pp ) could supply phosphate for the PAO synthesis while phosphorus uptake ceases, In addition, a new anoxic poly-P cleavage process was encompassed with the rate proportional to the fraction of PAOs unable to denitrify. In this formulation, the P-release due to poly-P cleavage is assumed to be directly proportional to the S A uptake. Thus, the model has been evaluated against a large number of experimental data sets under anaerobic, anoxic, and aerobic conditions and been successfully used to simulate a wide variety of conventional BNRAS systems (Hu et al., 2007b) . Simulation results have demonstrated that the model is capable of predicting COD removal, nitrification and denitrification as well as aerobic and anoxic/aerobic P-uptake in EBPR with appropriately calibrated parameters. However, the model considers the hydrolysis process simultaneously with growth but without taking into account the anaerobic hydrolysis which may cause limitation in its usage as it is important for bio-P models to make substrate available for storage. Besides, like the above-mentioned models discussed, as denitrification and nitrification were modeled as one-step and the same decay rate under all electron acceptor conditions is not consistent with experimental observations, the model is also not suitable to predict nitrite accumulation or N 2 O production (Hauduc et al., 2013 ).
In addition, the models mentioned are also based on the crude assumption that all processes including N and P-removal are independent, thereby having no interactions among those processes. Therefore, due to the complexity of interaction (the coexistence of PAOs, autotrophic and heterotrophic organism) together with the asymmetry of aeration and hydraulics (no absolute area of anaerobic, aerobic and anoxic reaction) in activated sludge system, all the models discussed in the review can only partially reflect the real processes and the application of the models are limited by factors such as temperature, toxicity and alkalinity.
Application of CAS models for phosphorus removal in MBR systems
Only a few studies have evaluated the bio-P-removal performance of MBR 
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Unlike the fate of PAOs in the conventional ASPs, significant amount of PAOs are retained in the bioreactor due to their increased size compared to the microfiltration pore sizes of MBRs. The PAOs thus retained has obviously other associated influences on the bioprocesses of MBR as compared to the same of ASPs.
Therefore, this warrants revision of PAOs' associated model parameters and rate processes for mathematical modeling of MBR system.
Conclusion
The EBPR in a WWTP cannot be treated as a discrete issue as it is critically sensitive to system's operating/environmental conditions, such as SRT, HRT, pH, temperature, alkalinity, COD/P ratio, intermittent aerobic/anoxic operation and other associated factors. The various configurations of ASPs/MBRs may also affect the removal kinetics of other nutrients. Therefore, the bio-P-removal model should have provisions for the periodic adjustment of factors such as stoichiometric reaction rates for the PAOs and GAOs and the relevant yield coefficients. An optimized configuration of a treatment system for bio-P-removal is desired without compromising the treatment quality targets for other nutrients. 75. Zheng, X., Sun, P., Lou, J., Fang, Z., Guo, M., Song, Y., Tang, X., Jiang, T., 2013.
The long-term effect of nitrite on the granule-based enhanced biological phosphorus removal system and the reversibility. Bioresource Technology 132, 333-341. 
